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PKCβ increases ROS levels leading to vascular  
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Abstract: Objective: To explore the role and mechanism of oxidative stress injury in the diabetic foot. Methods: Im-
munohistochemistry and staining were used to detect changes in diabetic foot tissue, and the CCK-8 method was 
used to measure high glucose effect on cell viability. The DCFH-DA assay was used to detect the intracellular ROS 
content, and colorimetric methods were used to detect the activities of the CAT and SOD enzymes and the NO and 
MDA content in tissues and cells. In addition, the protein expression levels of PKCβ, p66shc, eNOS, ICAM-1 and NF-
κB in tissues and cells were detected by Western blotting, and the distribution of p66shc and eNOS was observed by 
immunofluorescence. Results: The results of clinical specimens experiments showed that the DFU group exhibited 
disordered morphology and increased glucose metabolism, decreased activities of the enzymes CAT and SOD in tis-
sues, and increased MDA and NO contents compared to those in the CON group. Furthermore, protein levels of the 
p-PKCβ, p-p66shc, ICAM-1, and p-NF-κB were increased, and eNOS protein level was decreased; these results were 
consistent in clinical specimens and in vitro experiments. Conclusions: High glucose levels may induce oxidative 
stress injury in cells and tissues by activating the PKCβ-p66shc signaling pathway.
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Introduction

Diabetes mellitus (DM) is an inflammatory met-
abolic disease that influences more than 0.17 
billion people worldwide [1, 2]. DE’s prevalence 
has risen sharply regardless of new medica-
tions’ clinical treatments. According to the In- 
ternational Diabetes Federation Diabetes Atl- 
as, the population of patients with DM is ex- 
pected to grow by 5% annually, predominantly 
as a result of the increasing prevalence of type 
2 diabetes mellitus (T2DM) [3]. According to the 
World Health Organization, diabetic foot, which 
is defined as “ulceration of the foot (distally 
from the ankle and including the ankle) associ-
ated with neuropathy and different grades of 
ischemia and infection”, is a severe complica-
tion of diabetes. Diabetes causes diabetic foot 
with different degrees of lower extremity vascu-
lar lesions and neuropathy, preventing wound 
healing for a long time. However, there are still 

no effective standard prevention and treatment 
methods for the serious complications of dia-
betic foot ulcer (DFU). In cases of DFU, most 
patients undergo amputation only after suffer-
ing from sensory damage, microcirculatory dis-
turbances, difficulty in wound healing, wound 
infections and gangrene [4-6]. In the past, man-
agement of DFU has mainly relied on blood 
sugar control, a reduction in limb weight-bear-
ing, wound dressing, topical external antibiot-
ics, etc. [7, 8], but these strategies do not re- 
duce the risk of amputation, which seriously 
affects the patient’s physical and mental heal- 
th [9, 10]. Therefore, we are eager to conduct 
research on the pathological molecular mecha-
nism of DFU to identify possible targets for early 
intervention to alleviate the progression of this 
disease and increase the chance for a good 
outcome.

DM leads to the development of several mic- 
rovascular and macrovascular complications, 
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including DFU [11]. Recent studies have sh- 
own that patients with diabetes are at higher 
risk of atherosclerotic disease than nondiabet-
ic patients with other analogous risk factors. 
Diabetic microvasculature changes alter organ 
perfusion, especially affecting organs that are 
primarily relying on microvasculature supply 
[12]. T2DM is diagnosed by the presence of 
hyperglycemia [13]. Many early pathologic re- 
sponses to hyperglycemia are manifested in 
vascular cells, including endothelial cells and 
vascular smooth muscle cells, which directly 
suffer from high glucose [14]. In addition, hyper-
glycemia contributes to vascular complications 
via various mechanisms, such as glycotoxins 
production and elevated oxidative stress which 
promotes both macro- and micro-vascular com-
plications [15]. Changes in the structure and 
function of vascular endothelial cells are the 
common pathological basis of a variety of car-
diovascular diseases, and these changes are 
also important causes of various complications 
of diabetes [16].

In diabetes, hyperglycemia increases ROS via 
xanthine oxidases [17], lipoxygenases, cycloox-
ygenases, nitric oxide synthases [18], and per-
oxidases. In addition, hyperglycemia itself can 
stimulate oxidative stress, which has been st- 
rongly implicated as a driving force in athero-
sclerosis [19, 20]. Diabetic complications ele-
vate ROS and oxidative stress, causing cell 
death [21, 22] and ultimately tissue damage 
[23]. Various models showed that hyperglyce-
mia-induced complications are due to ROS-
imbalance-caused oxidative stress and cell de- 
ath [24]. Hence, ROS suppression is of great 
importance in controlling diabetic complica-
tions, especially vascular disorders [25]. There- 
fore, exploring the molecular pathways lead- 
ing to elevated ROS levels in the pathological 
mechanism of DFU is an essential step in the 
search for early therapeutic targets.

Hyperglycemia can activate “dangerous meta-
bolic route in diabetes”, which involves the dia-
cylglycerol (DAG)/protein kinase C (PKC) path-
way and ROS production [26]. Studies also 
showed that PKCβ2 expression is preferably 
enhanced in diabetic myocardium, which pro-
motes cardiomyocyte hypertrophy, and over-
expression or activation of PKCβ2 contributes 
to diabetic cardiomyopathy [27]. Furthermore, 
PKCβ suppression improved diabetic animals’ 
cardiac function [28]. However, the molecular 

mechanism of the PKC-p66shc pathway in the 
development of DFU has not been reported in 
detail. Therefore, we asked the following ques-
tion: what role does PKCβ assume in the pa- 
thophysiological process of DFU? Our results 
demonstrated that PKCβ-p66shc pathway acti-
vation increased ROS and enhanced the ex- 
pression of pro-inflammatory proteins in DFU  
in clinical specimens and in vitro experiments. 
Inhibition of PKCβ by LY333531 protected oxi-
dative stress-induced injury and endothelial 
dysfunction caused by high glucose, indicat- 
ing that PKCβ might be a potential target for 
DFU treatment.

Materials and methods

Reagents and antibodies

Glucose was obtained from Sigma-Aldrich (Sh- 
anghai, China). Superoxide dismutase (SOD), 
catalase (CAT), glutathione peroxidase (GSH-
Px), and malondialdehyde (MDA) kits were bou- 
ght from the Jiancheng Bio. (Nanjing, Jiangsu). 
Anti- PKCβ (ab32026) and anti-p66shc (ab- 
54518) antibodies were bought from Abcam 
(Branford, CT). Antibodies against endothelial 
nitric oxide synthase (eNOS) (35362), ICAM-1 
(4915), nuclear factor-kB (NF-κB) (49D7), p- 
NF-κB (108D2), and β-actin (13E5) were bou- 
ght from Cell Signaling Technology (Shanghai, 
China). Antibody against p-PKCβ (sc-11760) 
was purchased from Santa Cruz Biotechnology 
(Dallas, TX, USA.). A Cell Counting Kit-8 (CCK- 
8) was bought from Abcam (Shanghai, China). 
ROS assay kits were bought from Beyotime 
(Shanghai, China).

Cell culture

Human umbilical vein endothelial cells (HU- 
VECs) were generously provided by the Gene- 
tic Research Department, 3rd Military Medical 
University (Chongqing, China). A human envi-
ronment was simulated using Dulbecco’s mo- 
dified Eagle medium (DMEM) containing 10% 
fetal bovine serum (FBS, Invitrogen, Shanghai, 
China) and 1% antibiotics (Beyotime, Shanghai, 
China). Cells were cultured at 37°C with 5% car-
bon dioxide.

Cell viability assay

5 × 103 cells were loaded to each well of 96-well 
plates following the manufacturer’s protocol. 
After 24 h of attachment, the medium was 
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replaced by fresh medium containing glucose 
at indicated concentration, followed by another 
24 h incubation. Then, cell viability was detect-
ed with the CCK-8 kit. Briefly, 10 µL of CCK-8 
reagent was mixed with 100 µL of the medium 
mixture in each well. The plates were incubated 
at 37°C for 2 h. An automatic microplate reader 
(BioTek, Winooski, VT) was used to measure 
the absorbance at 450 nm, which was directly 
proportional to cell viability. All experiments 
were repeated three times.

ROS assay

Take 3 × 105 HUVECs and inoculate them in a 
6-well plate. After the cells adhere to the wall, 
the cells are loaded with 2.0 mmol/L glucose 
for 24 h. Use the DCFH method to detect ROS 
according to the instructions. Observe the fluo-
rescence intensity of DCFH under the fluores-
cence microscope.

Western blotting

Cells were separated, PBS-washed, and re-sus-
pended in lysis buffer containing 1% phenyl-
methanesulfonyl fluoride and phosphatase in- 
hibitors Beyotime. After incubation on ice for 
30 minutes, supernatants were harvested by 
centrifugation at 12,000 rpm for 15 min at  
4°C, and protein concentrations were measur- 
ed by a bicinchoninic acid (BCA) kit (Beyotime, 
Shanghai, China). Samples containing same 
amounts of proteins were resolved by sodium 
lauryl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred to a polyvinyli-
dene fluoride (PVDF) membrane (Elabscience, 
Houston, TX). The membrane was blocked with 
5% skim milk for two hours, incubated with first 
antibodies at 4°C overnight, rinsed 3 times 
with Tris-buffered saline with Tween-20 (TBST), 
and incubated with secondary antibody for 1 h 
at 25°C. Protein bands were measured with 
enhanced chemiluminescence (ECL) solution 
(Amersham Biosciences, Piscataway, NJ) and 
quantified by an image analyzer (FujiFilm Me- 
dical Systems, Stamford, CT).

Immunofluorescence staining

Cells (3 × 104) were cultured on glass slides for 
twenty-four hours, treated in the presence or 
absence of glucose for another twenty-four 
hours, fixed paraformaldehyde (4%) for thirty 
minutes at 25°C, washed two times and per-
meabilized using 0.5% Triton X-100 in PBS for 

twenty minutes. Cells were then blocked by 
goat serum albumin (1%) for one hour and in- 
cubated with anti-P66shc and anti-eNOS anti-
bo and dies at 4°C overnight. After three tim- 
es of PBS-washing, cells were incubated with 
FITC-conjugated secondary antibodies (CST, 
Danvers, MA) for 2 h at 37°C. 4’,6-diamidino-
2-phenylindole (DAPI) was added to the stain- 
ing solution 5 minutes before the end of sta- 
ining to stain the nuclei. Slices were observ- 
ed under a fluorescence microscope (Leica, 
Buffalo Grove, IL).

Measurement of oxidation-related biological 
parameters

Normal saline containing heparin (0.16 mg/mL) 
was used to get rid of the blood from collect- 
ed tissues (n≥3 per group). An appropriate 
amount of precooled PBS was added to each 
tissue sample for homogenization in an ice 
bath and centrifuged at 4°C. The supernatants 
were collected, and protein concentrations of 
the supernatants were measured with a BCA  
kit as mentioned above. MDA contents and 
activities of SOD, GSH-Px, and CAT were mea-
sured following the manufacturer’s protocols. 
All experiments were repeated three times.

Histological analysis of liver steatosis

A piece of fresh tissue was fixed in formalde-
hyde and embedded in paraffin. The 6-μm-thick 
sections were subjected to hematoxylin and 
eosin (H&E), periodic acid-Schiff (PAS), and 
Masson trichrome staining, followed by obser-
vation under a microscope.

Statistical analysis

Data and figures in the present study are re- 
presentatives of at least three independent 
experiments. The data were analyzed using St- 
atistical Product and Service Solutions (SPSS) 
22.0 (IBM, Armonk, NY) and expressed as 
mean ± SD (standard deviation), and Student’s 
t-test was used to compare the significance  
of differences between groups, which is indi-
cated by *P<0.05, **P<0.01.

Results

Tissue changes in DFU

We processed and collected DFU tissues after 
surgery. Figure 1A shows necrotic parts of the 
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feet of diabetic foot patients. The red box sh- 
ows the central tissue of the DFU. The green 
box shows the marginal tissue of DFUs in the 
control (CON) group used in subsequent expe- 
riments. A pathological sectioning technique 
was performed to detect tissue changes. Un- 
der a light microscope, the healthy control (HC) 
group showed a complete tissue structure, re- 
gular morphology, a small number of normal 
blood vessels distributed between the tissues, 
regular cell alignment, tight connections, and 
normal gaps. The structure of the marginal tis-
sue of DFUs was slightly disordered, and a lar- 
ge number of vascular rings with different di- 
ameters were visible. The cell connections we- 
re somewhat loose, and the cells were slightly 
swollen. The tissue structure of the center of 
the DFU was disordered with few vascular rings. 
The nuclei were polymorphous and aggregated 

Induced oxidative stress damage in diabetic 
foot tissue

Figure 2 showed the activities of SOD, CAT, and 
GSH-Px and MDA content in both the DFU and 
CON groups compared with those in the CON 
group, activities of SOD, GSH-Px, and CAT were 
dramatically decreased (Figure 2A-C), and the 
MDA content was significantly higher (Figure 
2D) in the DFU group, which suggested the 
weakened antioxidative ability of the diabetic 
foot tissue, inducing oxidative stress damage.

Expression changes in the PKCβ-p66shc path-
way and inflammation-related proteins in DFU

As mentioned above, PKCβ plays an important 
role in the development of the diabetic myocar-
dium by regulating the activity of the adaptor 

Figure 1. Tissue changes in diabetic foot ulcer. A. The necrotic parts on the feet of diabetic patients. B. Hematoxylin 
and eosin staining of diabetic foot ulcer tissues. C. Masson staining of diabetic foot ulcer tissues. D. PAS staining 
of diabetic foot ulcer tissues.

Figure 2. Induced oxidative stress damage in diabetic foot ulcer tissue. A. 
Decreased SOD activity (P<0.01). B. Decreased CAT activity (P<0.01). C. De-
creased GSH-Px activity (P<0.01). D. Increased MDA content (P<0.01). n≥3 
per group, with the experiment repeated three times. Values are the means 
and standard errors (*P<0.05 and **P<0.01 versus CON).

or located at the edges of the 
cells (Figure 1B). Masson st- 
aining was used to detect fi- 
brotic changes in necrotic tis-
sue from the diabetic foot, wi- 
th collagen fibers stained blue 
and muscle fibers stained red. 
The staining results showed 
small blood vessel-like hyper-
plasia evident in the marginal 
tissue of DFUs (Figure 1C). PAS 
staining was used to detect 
changes in glucose metabo-
lism in diabetic foot necrotic 
tissue. Periodic acid oxidizes 
the hydroxyl groups on two 
adjacent carbon atoms of the 
sugar to aldehyde groups, and 
Schiff reagent reacts with the 
aldehyde groups, forming a 
purplish red color. As shown in 
Figure 1D, glucose metaboli- 
sm in the marginal tissue in the 
CON group was elevated.
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Figure 3. Expression changes in PKCβ/p66shc and inflammation-related proteins in diabetic foot ulcer. A, B. West-
ern blot analysis showed significantly increased expression levels of p-PKCβ and p-P66shc in the DFU group vs. 
the CON group (P<0.01). C, D. Western blot analysis showed decreased protein levels of eNOS and significantly 
increased expression levels of ICAM-1 and p-NF-κB in the DFU group (P<0.01). n≥3 per group, with the experiment 
repeated three times. Values are the means and standard errors (*P<0.05 and **P<0.01 versus CON).

protein p66shc, which is translocated into mi- 
tochondria and causes oxidative stress dam-
age. Thus, we examined the expression of 
PKCβ-p66shc pathway members and inflam-
mation-related proteins in DFU tissue. Figure  
3 showed that the expression of p-PKCβ, 
p-P66shc, NF-κB, and ICAM-1 was dramatically 
elevated, while eNOS expression was substan-
tially decreased in the DFU group compared to 
the CON group.

High glucose-induced morphological changes 
and increased ROS levels in HUVECs

The results above showed decreased antioxi- 
dative stress ability in DFU tissue, activation of 
the PKCβ/p66shc pathway, decreased expres-
sion of eNOS and increased expression of IC- 
AM-1. To confirm the pathological role of the 
PKCβ/P66shc pathway in endothelial cell dys-
function, we performed further in vitro experi- 
ments.
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Figure 4. High glucose induced morphological changes and increased ROS levels in HUVECs. A. HUVECs were incu-
bated with glucose at increasing concentrations (0, 10, 20, and 40 mM) for 24 h. The Cell Counting Kit-8 (CCK-8) 
assay was performed to detect the cytotoxic effect of glucose. B. HUVECs were incubated with 20 mM glucose for 
the indicated time. The Cell Counting Kit-8 (CCK-8) assay was performed to detect the cytotoxic effect of glucose. C. 
The morphology of the cells under light microscopy shows that 40 mM glucose changed the morphology of HUVECs. 
D, E. The results of the DCFH-DA assay under a fluorescence microscope. Software analysis of the fluorescence den-
sity. n≥3 per group, with the experiment repeated three times. Values are the means and standard errors (*P<0.05 
and **P<0.01 versus control).

We first measured the antiproliferative effect  
of glucose on HUVECs. Cell viability in HUVECs 
treated with glucose at different concentra-
tions (0, 10, 20, and 40 mM) for 24 h was in- 
vestigated by the CCK-8 assay. Figure 4A, 4B 
indicated that the viability of HUVECs was dra-
matically decreased after treatment with 40 
mM glucose. The results of a timed CCK-8 

assay indicated that high glucose suppression 
of cell proliferation did not continue after 24 h. 
Thus, 20 mM glucose incubation with 20 mM 
glucose for 24 h was used in subsequent ex- 
periments. As shown in Figure 4C, under light 
microscopy, the cell morphology was intact in 
HUVECs treated with 20 mM glucose-contain-
ing medium, but the HUVECs became constrict-
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ed and round when treated with 40 mM glu-
cose-containing medium. To further confirm 
that glucose-induced ROS generation was p- 
P66shc-dependent, we preincubated HUVECs 
with 5 nM LY333531, a specific inhibitor of 
PKCβ1 and PKCβ2, for two hours before ad- 
ministration of glucose (20 mM). The intracel-
lular ROS content was measured by the DC- 
FH-DA assay, and the cells were then observ- 
ed with a fluorescence microscope. As shown 
in Figure 4D, 4E, DCFH-DA staining suggested 
that as the concentration of glucose (0, 10, 20 
mM) in the medium increased, the cellular ROS 
level increased accordingly, and ROS were re- 
duced to the normal level by the application  
of LY333531.

High glucose affects oxidative and antioxida-
tive activities in HUVECs

Due to an imbalance between oxidative and 
antioxidative systems in DFU, we measured  
the levels of CAT, SOD, GSH-Px, and MDA in 
HUVECs treated with normal medium, high-glu-
cose medium and high-glucose medium with 
LY333531. Figure 5 indicated that the activi-
ties of CAT, SOD, and GSH-Px were significantly 
inhibited, and the MDA content was significant-
ly increased in 24 h glucose treatment group. 
However, the decreased SOD, CAT, and GSH-Px 

activities and increased MDA content were res-
cued in HUVECs pretreated with LY333531 
before exposure to high glucose. All of these 
results suggest that the PKCβ inhibitor LY33- 
3531 could alleviate oxidative stress caused  
by high glucose and that PKCβ has an impor-
tant biological function in the development of 
DFU.

LY333531 inhibits the activity of the PKCβ-
p66shc signaling caused by high glucose in 
HUVECs

To verify that glucose-induced oxidative stress 
is PKCβ-dependent, we pre-treated HUVECs 
with LY333531 (5 nM) for two hours prior to 
glucose treatment. Expression levels of PKCβ-
p66shc pathway members were detected by 
Western blotting. As shown in Figure 6A-D, 
LY333531 rescued the increased expression  
of p-PKCβ, p-P66shc, ICAM-1, and NF-κB and 
the decreased expression of eNOS in HUVECs 
treated with glucose. Subsequently, by immu-
nofluorescence, we further observed the distri-
bution of p-P66shc and eNOS in HUVECs treat-
ed with 20 mM glucose for 24 h. After treatment 
with glucose, the green fluorescent signal of 
p-P66shc was significantly increased, and p- 
P66shc had translocated from the cytoplasm 
into the nucleus, unlike the reduced cytoplas-

Figure 5. High glucose affected oxidative and antioxidative activities in HUVECs. A-C. LY333531 rescued the de-
creased activities of CAT, SOD, and GSH-Px in HUVECs treated with glucose. D. LY333531 rescued the glucose-
induced increase in the MDA content in HUVECs. Each group was a mixture of cells collected three times (n = 3), 
and the experiment was repeated three times. Values are the means and standard errors (*P<0.05 and **P<0.01 
versus CON).
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mic expression of eNOS in the HUVECs. How- 
ever, in HUVECs pretreated with LY333531, the 
increase in the expression of p-p66shc was 
reduced, with a weak green fluorescent signal 
maintained in the cytoplasm, and the reduc- 
ed levels of eNOS were remarkably restored 
(Figure 6E-H). These findings indicate that LY- 
333531 can rescue activation of the PKCβ-
P66shc pathway and the inhibitory activity of 
eNOS caused by high glucose.

Discussion

In diabetic patients, lower limb protection is 
reduced due to neuropathy, and large vessel 
and microvascular lesions cause ulceration 
and gangrene due to insufficient arterial per- 
fusion [29]. DFU is a serious complication of 
diabetes and an important cause of disability 
and death in diabetic patients [30]. It not only 
brings pain to patients but also creates a very 
large economic burden. The amputation rate of 
patients with diabetic foot disease is 15 times 
greater than that of nondiabetic patients, and 
approximately 50% of amputated patients ea- 
ch year have diabetes [31]. The incidence of 
peripheral vascular disease in diabetic pati- 
ents is significantly higher than that in nondia-
betic patients. According to the WHO Diabetes 
Complications Study in London, 3% to 20% of 
DFUs present only lower limb ischemia, and 
46% of amputations are associated with lower 
limb ischemia. Peripheral vascular arterioscle-
rosis leads to lower limb ischemia and seve- 
re gangrene [32]. Abnormal vascular structure 
and sclerosis, accompanied by advanced dys-
function and aggravation of tissue ischemia 
and hypoxia, promote tissue necrosis and ul- 
ceration, causing foot ulcers to remain unhe- 
aled for a long time [33]. As shown in our re- 
sults, marginal tissue exhibited less vascular 
proliferation and metabolic enhancement com-
pared with the central tissue of DFUs. At this 
time, interventions to reverse or delay ulcer-
ation of the diabetic foot may be effective.

Diabetic foot is a multifactorial disease with 
complicated causes and underlying mecha-
nisms [34]. However, there is increasing evi-
dence that endothelial dysfunction could be 
one primary mechanism of its pathogenesis 
[35, 36]. Hyperglycemia in diabetic patients 
has been shown to cause metabolic disorders 
and oxidative stress in endothelial cells, lead-
ing to miscellaneous physiological and patho-
logical effects, such as permeability increase, 
impairment of endothelial dilation and decre- 
ased NO utilization [37, 38]. Therefore, endo-
thelial cells may become potential therapeutic 
targets in the treatment of diabetic foot. This 
study focused on the mechanism and influence 
of endothelial cells in the progression of dia-
betic foot and could provide new ideas for dia-
betic foot treatment and targeted drugs devel-
opment. Increased production of ROS and the 
loss of endothelial NO bioavailability are key 
features of vascular disease in DM [38]. ROS 
are byproducts of normal oxygen metabolism 
and play essential roles in cell signaling and 
homeostasis [39]. ROS can be finely regulated 
and constitutes a physiological signaling path-
way [40]. Although ROS originate from diffe- 
rent subcellular sources, mitochondria are th- 
eir primary important source [41]. ROS, a nor-
mal component of oxidative phosphorylation 
generated by the electron transport chain, pl- 
ays an important role in regulating cell signal-
ing, growth, and differentiation [42, 43]. How- 
ever, a portion of O2 molecules (1-3%) can be 
converted into superoxide anion radicals by 
complexes I and III [44]. The radical can then  
be transferred to hydrogen peroxide (H2O2) and 
hydroxyl radicals. These oxidizing substances 
are normal metabolic byproducts continuously 
produced by mitochondria and kept in check by 
endogenous antioxidant systems (such as SOD 
(which generate H2O2 and O2 from superoxide), 
CAT, GSH-Px, and peroxidase) [45]. Imbalanc- 
ed ROS generation and cellular antioxidant 
defense system will lead to oxidative stress 
[46]. Consistent with this view, our experimen-
tal results show that the activities of SOD, CAT, 

Figure 6. LY333531 inhibited changes in the activity of the PKCβ-p66shc pathway caused by high glucose in HU-
VECs. A, B. LY333531 rescued the increased levels of p-PKCβ and p-P66shc in HUVECs treated with glucose. C, D. 
LY333531 rescued the increased levels of ICAM-1 and p-NF-κB and the inhibition of eNOS in HUVECs treated with 
glucose. E, F. Immunofluorescence showed that LY333531 could restore the expression levels and distribution of 
p-P66shc and restore the eNOS level in HUVECs treated with high glucose. G, H. The mean fluorescence intensity 
of p-P66shc and eNOS was quantified and is presented as the means ± SDs. Each group was a mixture of cells col-
lected three times (n = 3), and the experiment was repeated three times. Values are the means and standard errors 
(*P<0.05 and **P<0.01 versus CON).
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and glutathione peroxidase were significantly 
inhited in DFU tissues compared with the tis-
sues surrounding the DFU. The results in en- 
dothelial cells after high-glucose loading were 
consistent with the results in DFU tissues, and 
the activities of SOD, CAT, and GSH-Px were 
dramatically enhanced, and MDA contents we- 
re decreased in cells pretreated with LY3335- 
31. This finding indicates that the antioxidant 
capacity of tissues or cells under high-glucose 
conditions is weakened, but antioxidant capac-
ity was remarkably restored after the use of 
LY333531.

Chronic hyperglycemia results in PKC activa-
tion, which promotes diabetic cardiovascular 
complications [47]. Moreover, PKCβ2-activati- 
on has been involved in diabetic abnormalities 
through inhibition of eNOS, and restoration of 
Akt-eNOS-NO signaling was shown to be atten-
uated in diabetic cardiomyopathy and myocar-
dial dysfunction. Some studies assessed PKCβ-
mediated regulation of p-p66shc and showed 
that PKCβ-phosphorylation is key for P66shc 
activation. Furthermore, studies showed that 
P66shc is essential for regulating intracellular 
oxidative stress levels and redox balance. In- 
creasing evidence support that cells lacking 
P66shc has less free radicals. Indeed, ROS le- 
ads to upregulation and the nuclear transloca-
tion of NF-κB subunit p65 [48], resulting in the 
transcription of proinflammatory genes encod-
ing monocyte chemoattractant protein-1 (MCP-
1), vascular cell adhesion molecule-1 (VCAM-1), 
and intracellular cell adhesion molecule-1 (IC- 
AM-1) [49]. In addition, PKCβ-mediated p66shc 
phosphorylation at serine 36 has been consid-
ered as a critical step preceding mitochondrial 
translocation, ROS production, and cell death, 
and thus PKCβ may serve as a therapeutic tar-
get [50]. As shown by our experimental results, 
PKCβ expression in tissues and cells under 
hyperglycemia (vs. controls) was indeed upreg-
ulated, and p-p66shc expression was also in- 
creased, whereas the expression of eNOS was 
decreased, and the expression of ICAM-1 was 
elevated. However, after the addition of LY33- 
3531, these proteins levels returned to nor- 
mal.

In summary, we have demonstrated in clinical 
specimens and in vitro experiments that high 
glucose affects endothelial cells by the PKCβ-
p66shc pathway. After the expression of PKCβ-

p66shc was increased, p66 affected the level 
of ROS in tissues or cells, resulting in the acti-
vation of NF-κB, increased expression of ICAM-
1, and decreased expression of eNOS. LY33- 
3531 rescued changes in the expression of 
PKCβ-p66shc pathway members, NF-κB, ICAM-
1, and eNOS, which suggests inhibition of PKC 
protein expression as a key link in inhibiting oxi-
dative stress damage and vascular endothelial 
damage in tissues and cells of the diabetic 
foot.
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